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Alia tract 

Interaction cones were inccncionally generated 
by circumferential arrays of equally spaced rods 
that protrude radially from the inlet wall near the 
face of the 28-blade fan. Arrays of 28 and 41 rods, 
selected to give specific far field radiation pro- 
perties, were tested. The expected properties were 
readily apparent in the measured radiation patterns. 
A mare detailed analysis of the test data showed 
both the precision and limitations of the applied 
acoustic theory. Rods protruding 23 percent of the 
radius predominantly generated only lowest radial 
order modes, as expected. Measured and predicted 
radiation patterns were generally In good agreement. 
The agreement, however, depended on a significant 
degree of implied refraction due to inlet velocity 
gradients. Refraction, if present, would Impact 
static- flight noise comparisons. 
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Symbol s 

amplitude coefficient for (m,p) mode in 
directivity function (eq. 3), N/m 2 
number of rotor blades 
volocity of sound, m/sec 
apparent velocity of a mode, m/sec 
directivity transformation function 
(eq. 6) 

Bessel function and its derivative of 
first kind and order m for argument 
( ), 

integer 

frequency parameter, equal Lo BMp for 
BPF tone 

mode eigenvalue, “ 0 

circumferential order of a mode 
mass flow Mach number (positive in engine 
Clow direction) 

tangential tip Mach number of rotor blade 
far-field acoustic pressure of (m,p) 
mode, N/m z 

number of stationary vanes or rods 
radial order of a mode 
cutoff ratio 

incident and refracted angles at an in- 
terface, dog 

far-field directivity angles of the 
acoustic mode rudiated pressure assum- 
ing no mass flow, mass flow everywhere 
and duct mass flow alone, respectively 
directivity angles if>j, ^ and at 


the approximate peak level of p. 


m,u 


Introduction 


The radiation patterns of blade passage fre- 
quency (BPF) tones generated by two configurations 
of rods placed near the fan in on engine inlet are 
analyzed in this paper. The study was conducted 
with a JT15D engine that is being tested at NASA 


LeKC ns part of a comprehensive program with other 
organizations. An objective of the overall pro- 
gram is to resolve the discrepancies between the 
far-field acoustic signatures obtained during 
flight and during ground static tests, Tests Df 
the engine at LeRC arc being conducted with various 
inflow control devices (ICD's) to simulate the 
clean inflow and acoustic signatures of the engine 
in flight. The ICD's consist of screen and honey- 
comb structures that must transmit both acoustic 
radiation and the engine flow, As a part of that 
study n dominant additional BPF tone generated 
within an operating engine was required to evaluate 
the acoustic transmission properties of the ICD's. 
The additional tone was generated by the inlet 
rods. Results of the transmission study are re- 
purtod In Ref. 1. The generation of on additional 
tone with inlet rods, however, also provided an 
opportunity to experimentally verify some theoreti- 
cal prediction?' of interaction tone generation and 
propagation. The purpose of this paper is to com- 
pare measured end predicted propagation and radia- 
tion properties of interaction tones generated by 
the rods. 

Ill this paper the experimental aspects of the 
engine study relevant to the data analysis are ini- 
tially summarized. Analyses and results are then 
presented from essentially two perspectives. One 
is qualitative and the other more explicit. In the 
qualitative approach the concepts and objectives 
used to select rod configurations suitable for ICD 
evaluation arc discussed and some measured far- 
field radiation patterns are shown that confirm 
the expected results. In the r, the experi- 
mental study is discussed with me context of more 
explicit acoustic theory and detailed analyses of 
the measured radiation patterns are presented. 


Experimental Study 

The test duta analysed in this paper were ac- 
quired in a study reported in Kef. 1 where two 
ICD's were evaluated in static tedts of a JT15D 
engine. What follows is a summary, pertinent to 
the present analysis, of the experimental aspects 
of that study. 

The inlet configuration of the JT15D engine 
used in the study is schematically shown in Fig. 1. 
Acoustic data to be used were obtained without rods 
as shown in Fig. 1 and with circumferential arrays 
of equally spaced rods protruding from the inlet 
wall near the fan face as schematically shown in 
Fig. 2. Datn from both the 28 and 41 rod arrays 
will bo used. Some test data with a short inlet 
length, obtained by removing the 4 inch cylindri- 
cal section shown in Fig. 1, will also be examined. 

As will be detailed later the JT15D engine as 
tested is designated ns having tone cutoff for the 
fan in the bypass section. More specifically, for 
the rotor blade and the bypass stator vane numbers 
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listed in Fig- 1 the BPF interaction tono should 
not propagate at subsonic tip speeds . The Bl’F in- 
teraction tone for the core section) however) is 
not cutoff. When tone cutoff is predicted to occur 
the phenomenon is generally obscured in static en- 
gine tests by a tone caused by rotor interactions 
with inflow distortions. Two ICD's wore tested 
with the JT15D engine at NASA LoHC* to eliminate 
this distortion noiBe source. An external ICD, 
designated ICD No. 1, proved to be mast effective 
for this purpose. Figure 3 shows ICD No. 1 in- 
stalled on the engine. As reported in Ucf. 1. this 
ICD substantially reduced the inflow distortion 
tone level and had good noise transmission proper- 
ties. It caused little or no change in for-field 
noise level or directivity of the tone noise pro- 
duced by the rods. The data obtained with ICD 
No. 1, therefore, will be exclusively analyzed in 
this study because the tono noise generated by tho 
rods is more clearly observable using this data. 

The engine tests were conducted at the NASA 
LcRC Vertical Lift Fan Facility which is equipped 
to evaluate both acoustic and aerodynamic perform- 
ance, Some of the engine performance variables 
pertinent to the acoustic annlysis are shown as a 
function of engine speed in Fig. 4, An exhaust 
muffler, evident in Fig. 3, was used to eliminate 
off engine noise from the far-fiold data. Cround 
level microphones located on a 90 foot radius 
throughout the forward quadrant provided the basic 
acoustic results although supplemental pole mounted 
microphones were used occasionally. Acoustic and 
aerodynamic performance data wore recorded on tape 
and processed using the system developed for the 
facility. Acoustic data to be used primarily con- 
sist of 1/3 octavo band levels of the BPF tone ad- 
justed to free-field and a 30.5 ill (100 ft) radius 
and with atmospheric occcnuation removed. Tests 
wore made at several engine speeds for each config- 
uration and generally repeated at louBt twice. 
Averaged acoustic data will be used when possible. 


Qualitative Objectives and Results 

The concepts and objectives used to seluct the 
arrays of rods to evaluate the ICD's are discussed 
in this section and some test data allowing the 
soundness of the approach are presented. In the 
discussion a qualitative knowledge of some aspects 
of the acoustic theory to be presented later is 
assumed. 


Rod Selection 

Selection of tho number of rods used in the 
arrays wa3 based on a preliminary acoustic analysis 
where possible propagating modes and their far 
field directivity patterns were qualitatively pre- 
dicted. Two separate arrays of rods were selected 
in this process. One array consisted of 23 rods. 
This array was predicted to give plane wave and 
axisymmetric modes that are highly propagating and 
thus was expected to give a high tene level. The 
bulk of the acoustic energy from such modes was ex- 
pected to beam alcng the engine inlet exis. If, 
however, the tone level from the 28 rods were suf- 
ficiently high it could exceed thae of other engine 
noise throughout the inlet quadrant of the engine. 
If not, tone dominance and evaluation of ICD acous- 
tic transmission would be limited to a region near 
the inlet axis. 


In contrast to the nonspinning modes generated 
by 28 rods, a tone with spinning modes, as often 
experienced In engine noise, was also desired for 
ICD evaluations. A 41 rod array was selected for 
this purpose. The selection criteria involvod not 
only spinning modes but alBo a rndintion pattern 
that would clearly show directivity changes caused 
by an ICD. Such directivity changes are best de- 
tected by tho angular displacement of a distinctive 
feature (abrupt change in level with ongle) in a 
directivity pattern. Ideally, the angular position 
of the distinctive feature within the directivity 
pattern should be controllable to fully evaluate 
ICD transmission properties. Tone energy contained 
in a single spinning mode that is near cutoff at a 
low engine speed and more highly propagating ob 
speed is Increased satisfies the above criteria. 

For such a mode the radiation beams toward tho 
sideline at low engine speed and progressively 
booms closer to the inlet axis as speed increases. 

The 41 rod array generates such a mode. An 
analysis showed that no other number of rods loss 
than 41 will give the desired radiation properties. 
In reality, higher radial order modes of the ex- 
pected mode may also be generated at high engine 
speeds, If this occurs, the beamed radiation will 
broaden in the direction toward the sideline, how- 
ever, a distinctive frontal edge in the radiation 
pattern should always be evident. 

Q ualitative Discussion of Results 

Figure 5 shows tone radiation patterns mea- 
sured using ICD No. 1 both with and without the 
arrays of rods.l The shaded area in the figure Is 
the difference between the levels with and without 
tho rods end is indicative of the tone noise gen- 
erated by the rods. The 28 rod array (Fig. 5(a)), 
caused the largest increase in tone level In the 
region near the engine inlet axis at all engine 
speeds end qualitatively confirms the prediction 
of plane wave and highly propagating axisymmetric 
modes. The tone is also seen to be dominant near 
the sideline, however, tills dominance did not occur 
in tests without an ICD. 

Tho results for the 41 rod array are shown in 
Fig. 5(b). The beamed radiation is seen to pro- 
gressively advance toward the inlet axis with on 
increase in engine speed. The data qualitatively 
confirm tho prediction of a single mode near cutoff 
at low speeds propagating toword the sideline and 
its progressive shift toword che inlet axis with 
increasing engine speed. Results with both the 28 
and 41 rod arrays show that the qualitative crite- 
ria specified for the ICD acoustic transmission 
study were satisfied. 

This study using inlet rods is one of few 
demonstrations wherein distinctive radiation pat- 
terns Were obtained for a few known modes propagat- 
ing from a relatively high flow Mach number inlet. 
Although qualitative agreement between theory and 
experiment was evident, the data warrant a more de- 
tailed acoustic analysis with regard to current 
theories of modal generation, propagation and radi- 
ation. Discrepancies, if significant, could impact 
the predictions of aircraft flight noise. A more 
detailed analysis of the results follows. 
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Propagation and Radiation Concepts 

This section of the report described the en- 
gine study within the context of more explicit 
acoustic theory and provides the theoretical back- 
ground for chn subsequent analysis and discussion 
of the test data. 


Interaction Mode Generation 

The tone noise generated when either rotor 
wakes interact with stator vanes or when stator or 
rod wakes interact with a rotor can bn described 
in terms of acoustic modes. As presented in Uef. 2, 
a specific mode is identified by its circumferen- 
tial, m, and rodlnl, p, order nnd commonly desig- 
nated the (m,p) mode. The m order of the mode 
for the BPF tone generated when V rods interact 
with S rotor blades is given by 

m = B - KV <’) 

where K is any integer. 

A basic discriminator regarding mode propaga- 
tion is the cutoff ratio 5 given by 



where nnd M arc the rotor tip and duct flow 

Mnch numbers, respectively, end k^ t(J is the mode 
eigenvalue. Propagation is only possible when t 
is greater than unity. 

Basic Engine Configuration , Figure 6 shows 
the propagating interaction modes for the BPF tone 
of the JT15D engine without inlet rods. No propa- 
gating modes arc generated by the Interaction of 
the rotor with the bypass stators (B ” 28, V = 66) 
within the engine operating speed rangE (the BPF 
tone is cutoff). The interaction of the rotor with 
tile core stator blades (B“28, V“33) however, can 
generate m“5 modes of Increasing radial order 
as fan speed is Increased as shown In Fig. 6, The 
rotor alone (B “28, V “ 0) can also generate a propa- 
gating mode above n fan speed of about 12,600 rpm 
(Fig. 6). Although these modes for the BPF tone 
may occur with t lie basic engine configuration they 
should remain fixed and not influence data compar- 
isons with and without inlet rods. 

28 Rod Array , Figure 7 shows the propagating 
modes for the interaction of 28 inlet rods with the 
rotor (B “ 28, V = 28). Only axisymmetric (m “ 0) modes 
arc possible due to this interaction. The (0,0) 
mode is commonly designated the plane wave mode 
because Its pressure amplitude is uniform over the 
duct cross section. This plane wave mode in possi- 
ble at all fan speeds (£“")with 28 rods. The cut- 
off condition for the higher radial orders of the 
m = 0 modes vary with fan speed as shown in Fig, 7. 

41 Rod Array. Figure 8 shows the propagating 
modes for the intctacti-'n nf 41 rods with the rotor 
(B“28, V=4l). Only the m=13 modes are possible 
due to this interaction. The lowest radial order 
mode (13, D) exceeds a cutoff ratio of unity at n 
Can speed near engine idle conditions. Higher ra- 
dial order modes are possible at higher fan speeds. 


The design intent for Che 41 rods was to gen- 
erate a single spinning mode at or near engine idle 
conditions and to minimize the number of modeB at 
higher speed. The intent was satisfied us shown in 
Fig, 8. The intent cannot be satisfied by any num- 
ber of tods less chan 41. 

Hodnl Power , The preceding analysis of cutoff 
properties primarily Indicates whether modes can 
propngnte. The acoustic power content of the propa- 
gating mode depends on details of the interaction 
process. Such an analysis has been performed-* al- 
though the results have not as yet been coordinated 
witl) this study. The general approach in such anal- 
yses, however, Is to match tho radial profile of the 
forcing or excitation process with weighted combina- 
tions of the possible modes each with its unique ra- 
dial variotion in acoustic properties within a duct. 
Qualitatively, modal generation is thought to be 
most efficient when tho radial profile of the acous- 
tic source strength nnd that of the pressure ampli- 
tude characterizing a mode are identical. 

Kadlal profiles of sound pressure level inside 
a circular duct for families of ra = 0 and m**13 
modes are shown in Fig. 9(a). Except for the plane 
wave mode (0,0) with its uniform level, the modes 
nre characterized by radial lobes. Each of these 
lobes arc labelled positive or negative to Indicate 
relative regions of reinforcement and rarefaction 
s'' *ilar to that in organ pipe resonance. The modes 
as labelled are in-phase relative to eacli other ac- 
cording to normal analytical convention. A succes- 
sive in-phase summation of radial order modes as 
labelled in Fig. 9(a) would alternately increase and 
decrease the pressure at the wall. 

For the ra = 13 order modes the concentration of 
acoustic energy is seen to progress from the wall 
toward the axis with increasing radial order. The 
interaction process from rods protruding 2.7 Inches 
from the wall (2B percent of the radius) would ap- 
pear to preferentially excite only the lowest or 
lower radial orders of the m**13 modes. 

For the m“0 order modes, similar arguments 
are not obvious because acoustic power is substan- 
tial nt the axis for all modes. Acoustic energy can 
be concentrated at the wall, however, by a 9utwnation 
of modes, Figure 9(b), for example, shows a summa- 
tion of the (0,0) mode and the (0,1) mode phase 
shifted 180°. The summation suppresses the acoustic 
energy at the axis. A summation of additional 
modes, properly phased, would increase the concen- 
tration of acoustic energy at the wnll. It is pro- 
bable, therefore, that 2.7 inch rods will at least 
excite the (0,0) and either the (0,1) or another 
low radial order mode phase related by 100°. 

Amplitude profiles for m“5 and m»28 modes 
of the BPF tone expected from the engine core and 
from the rotor alone, respectively, are similar to 
those for m“13 shown in Fig. 9. They suggest that 
the core tone sources will preferentially excite 
higher radial order modes since tho excitation is 
located near the hub. Tones generated by rotor in- 
teractions with inflow distortions (pressumed to be 
probable at all radii) appear to exhibit no modal 
preference. ^ 
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Far-Field Radintion 


An objective of tills paper is to compare mea- 
sured and predicted Car-field radiation patterns. 
Thnre is? however, no reported method n.at gives ' 
precise radiation patterns of a mode propagating 
from a bellmouth inlet on an operating engine under 
static test conditions. Some approximations must 
be used. The predictions to be used in this study 
are based on the techniques employed by Candel.5 
ilomlcz and Lord!** and expanded upon by Rice, etal.' 
The prediction procedure used and to be described 
Consists of the following steps i (1) Calculate ra- 
diation patterns assuming no mass flow anywhere; 

(2) Adjust the patterns for the case of flow every- 
where (duct and environment) by a transformation of 
variables; (3) Adjust the patterns for the case of 
internal duct flow alone by removing the external 
environmental convective effect; and (4) Examine 
moss flow processes near tho inlut face for possi- 
ble refractive effects oa directivity. Angular ad- 
justments alone arc used in steps (2) and (3). 

Level chonges will bo neglected. 

No Flow . Tho closed form analytical solutions 
for the radiation from a flanged duct without flow 
will be used for convenience. Wlener-llopf solu- 
tions for n flangeless duet may be more appropriate 
for the engine inlet, however, the complexity of 
obtaining such solutions is not warranted at this 
time. Patterns predicted with and without a flange 
differ negligibly except in the region normal to 
the duct axis . 8 


A directivity expression for tho fnr-field 
acoustic pressure, p m> ^ , as a function of inlet 
angle $, ns used in Ref. 9, is given by 


sin w (Fsln hi 

m,M (k^) 2 - or Sin ^) 2 


(3) 


The properties of this function are displayed in 
Fig. 10 for families of m=0 and m = 13 modes. 
AcouBtic sound pressure level Is shown as a func- 
tion of ¥ sin with A m>11 assumed constant fur 
each family of modes. These displays can be visu- 
alized as far- field directivity patterns. The pat- 
tern for each mode is seen to consist of a princi- 
ple lobe that dominates over a variable number of 
side lobes. The mode levels ns shown with A m> p 
constant are defined as equal amplitude modes. 

The approximate angular location of the peak 
of the principle lobe (tf,, ) , Is simply given by 

x p 

(tj) » sin -1 W 

with no flow, k^p/1; is reduced to 1/5 (Eq. (2) 
with M 10 0 ) and thus 

(♦j) = sin " 1 ~ (5) 

As seen in Fig. 10 the peak for some principle 
lobes actually occurs at a value of ¥ sin 
larger than, k^ (t , and, therefore, at a larger 
angle than that* given by Eq. (4). The determina- 
tion of the exact peak location was discussed by 
Saule in Ref. 9. 


The angular loention of the principle lobe 
peak is a property often used to identify a mode in 
far-field directivity patterns. As a point of ref- 
erence for subseqeent adjustments, the location of 
the peak with no flow ($ 3 )_, for the ( 0 , 1 ) and 
(13,0) modes varies with engine speed as shown in 
Fig. 11. The plane wove (0,0) mode is not shown 
because it peaks on axis nt all speeds and requires 
no adjustments. 


Flow Everywhere . Candol^ has shown that the 
radiation patterns with flow in the far-flcld equal 
to that in the duct can be related to the radiation 
obtained without flow by a coordinate Btretching 
technique. As a result of his analysis the direc- 
tivity angle with the snme flaw everywhere, 4 , 2 * 
related to the angle without flow, $ 3 , and the flow 
Mach number, M, by 


_i Bln 

<|> 2 » tan — (6) 


where f^ “ [1 - ainfy^U - M 2 )) 1 ^ 2 

As given in Ref. 7, this transformation of vari- 
ables locates the principle lobe peak as a function 
of cutoff ratio, 5 , as follows. 


(*,) 


cos 


-ll (i - M 2 m - q/e 2 )) 


il/2 


1 - n [1 


(l/c 2 )] 


(7) 


The angular locations of the principle lobe peak 
(ij> 2 )pi are also shown for the (0,1) and (13,0) 
modes in Fig. 11, Flow everywhere is seen to cause 
relatively small angular displacements toward the 
axis. 


Duct Flow Alone . As discussed by Rice,etal.^ 
tho radiation directivity with flow everywhere in- 
cludes a convective effect due to the flow in the 
far-field. The directivity angles with far-field 
convection, $ 2 » onl * without the convection, $ 3 , are 
related to each other by 


tan $2 


tan $3 

1 - M/cos $2 


( 8 ) 


Using this relation, the directivity angle $3 can 
be related to the no flow angle $ 3 , by 


*3 


= cos 


-1 


M + f L 
1 + Mf x 


(9) 


whore f^ is the directivity transformation func- 
tion used in Eq. (6). The approximate angular lo- 
cation of the principle lobe peak' is related to 
the mode cutoff ratio, 5, by 



-1 M + Vl - 1/52 

=• COB . ~ ~ 

1 + M Vl - 1/5 2 


( 10 ) 


For convenience, a flow direction into the inlet 
was designated ns positive in expressing Eqs. ( 8 ) 
to (10). The opposite designation is often used. 3-7 
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The variations of ($ 3 ^ arc also shown in 
Fig, 11, With duct flow alone the principle lobe 
peak beams significantly closer to the inlet axis 
than for the case of flow everywhere. 

In Ref, 7 modes were characterized by direc- 
tion angles within the duct. The angle ($ 3 ^ is 
Identical to the direction angle of the mode with 
respect to the duct axis. It was postulated in 
Uef. 7 that the mode would beam from the duct and 
into the fnr-field at this angle. 

Refraction Effects . The effects of transmit- 
ting radiation from within 0 duct with flow to a 
rogion of no flow outside tho duct have been ne- 
glected in defining the duct flow alone angle, <" 3 . 

Potential flow solutions provide explicit flow 
variations in this transitional region that may be 
useful in calculating its effect on directivity. 

The effect can also be approximated as a refraction 
process at an interface, as suggested in Ref. 10, 
with the interface being similar to a potential 
contour relatively close to the inlet. 

Such a refractive process is illustrated in 
Fig, 12, The refracted angle, $ r , is larger than 
the incident angle, because the acoustic wave 
travels at less then the speed of sound in approach- 
ing the interface. Refraction, however, can have 
opposite effect on directivity angles as shown in 
Fig. 12. For tha interface shown refraction is 
toward the axis when the radiation angle is greater 
than 45° and toward the sideline when smaller. It 
is interesting to note that an interface normal to 
the inlet axis givps a calculated refraction that 
is nearly identical to the Car- field convective ef- 
fect. No attempt will be mode ta quantify the re- 
fractive process in this study but its qualitative 
effects on directivity will be recognized in com- 
pering predicted and measured radiation patterns. 

Modal Phase . The radiation patterns resulting 
from two or more simultaneously propagating modes 
require chat far-field pressures be summed as com- 
plex variables. In performing the summation, the 
principle and side lobes of a particular mode can 
be considered regions of reinforcement and rarefac- 
tion as described for radial pressure profiles 
within the duct (Fig. 9). Adjacent far-fiejd lobos 
of u Blnglc mode are 180 degrees out-of-phase. The 
relative phase between the modes, however, must be 
established to perform a summation. 

Although two modes may be generated at a par- 
ticular relative phase, a continuous shift of rela- 
tive phase occurs as they propagate through a duct. 
The phase shift is caused by the difference between 
their axial wave number or axial phase velocities. 
The calculated phase shift between the (0,0) and 
(0,1) modes after propagating through the 0.55 ro 
(21.75 in.) cylindrical section of the engine inlet 
varies with engine speed as shown in Fig, 13(a). 

The phase shift is significant but relatively 
small for these two highly propagating modes. The 
phase shift becomes negligible for modes with 
5 » 1 . 

A change in inlet length will also alter the 
relative phase between two modes. Tests made with 
a 0.1 m (4 in.) length change for the 41 rod array 
were made for this purpose. The calculated shift 
in relative phase caused by this length change var- 


ies with speed as shown in Fig. 13(b). The phoBo 
shift shown can significantly alter far-field radi- 
ation patterns. This is illustrated in Fig. 14' 
where summations of the (13,0) and (13,1) modes for 
several relative phases are shown. The region be- 
tween the two principle lobes is seen to be most 
sensitive to changes in relative phase. The effect 
would be less evident if the roodeB differed signif- 
icantly in amplitude. Tho tests with u 0.1 m 
(4 in.) change in inlet length were on attempt to 
test these concepts. 

It should be noted that whereas combined pat- 
terns ore oxisyjmsetric for modes of the some m 
order they are generally asymmetric for modes of 
differing m order. 


R esults and Discussion 

A more detailed analysis and discussion Df the 
tone noise generated by the rods will be presented 
based on the concepts of the previous section. In 
order to more clearly isolate the tone noise gen- 
erated by the rods, the data to be used are sound 
pressure levels of the differences in one-third- 
octave band pressures of the BPF tone measured with 
and without rods. Small differences giving erratic 
results will be neglected. 

28-Rod Array 

The 28 rod array was predicted to generate the 
plane wave (0,0) made and at least one other axi- 
symmetric mode. Measurements made with pole micro- 
phones clustered near the inlet axis are best used 
to identify such modal properties. Figure 15 shows 
the data and predicted principle lobes for the 
( 0 , 0 ) and ( 0 , 1 ) modes at levels adjusted to fit the 
data. The (0,0) mode alone has a lobe centering on 
the axis whereas all other modes do not radiate on 
the axis. The comparisons shown In the figure in- 
dicate that the ( 0 , 0 ) made is present at all speeds 
and dominant except nt 10,500 rpm. Presence of the 
( 0 , 1 ) mode is also implied but at a lower level ex- 
cept at 10,500 rpm. Why this 10,500 rpm condition 
is nn exception is not known. In general, the 
( 0 , 0 ) and ( 0 , 1 ) modes differ in level by roughly 
15 dB. The result implies equal amplitude modes 
(Aj^ „ constant) where, as displayed in Fig. 10(a), 
the’ (0,1) mode peak is about 10 dB below the (0,0) 
mode peak when amplitudes are equal. 

The (0,0) and (0,1) modes were expected to be 
generated at a relative phase of 180° and propagate 
to the far-field following some phase shift within 
the inlet duct. Figure 16 compares the data at 
'6750 and 8450 rpm with predicted patterns that ac- 
counts for tile expected relative phase of the ( 0 , 0 ) 
and (0,1) modes. The expected relative phase at 
those two speeds after traversing the duct is about 
the 135° shown. (Figure 13(a) indicate a phase 
shift within the duct of about 45° in this region 
of engine speed.) As will be shown later, direc- 
tivity angles can not be too closely scrutinized in 
such comparisons hccause of refraction at the inlet 
face. Figure 16, however, implies that the initial 
generation of these inodes with a relative phase of 
180 ° is probable. 

Directivity patterns obtained with the ground 
based mlctophones ore compared with predictions in 
Fig. 17. (The previous pole microphone data are 
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not combined with this data because of uncertain 
ground reflections.) The angular spacing of the 
microphones for the data in Pig. 17 is too largo to 
reveal detailed modal structure* The predicted 
curves, therefore, are simply envelopes of the 
principle lobe peaks of the possible modes at equal 
amplitudes (A m>v constant). Envelopes assuming 
duct flow alone, $ 3 , as well as flow everywhere, 

$ 2 , are shown, both envelopes are shown because, 
as described later they essentially bracket the ex- 
pected radiation pattern with refraction at the in- 
let. 

In general, the data in Fig. 17 imply that the 
decrease in modal level with Increasing radial 
order is larger than that for equal amplitude modes. 
The exceptions involving individual data points 
imply an absence of a particular mode. For exam- 
ple, at 6750 rpm the (0,3) mode and at 8450 rpm the 
(0,4) mode appear to be absent. The absence of 
modoB dopiends on details of the tone generation 
process. Tho sparcity of thla data does not permit 
a detailed evaluation of modal structure. These 
data, however, do not refute those from the polo 
microphones where the ( 0 , 0 ) and ( 0 , 1 ) modes were 
identified. 


41 Rod Array 

Measured and predicted directivities for tho 
41 rod array are compared In Fig. 18. The predic- 
tions consist of the principle lobe of tho {' 3,0) 
mode assuming both duct flow alone and flow every- 
where. A particular discrepancy between theory and 
data to be noted first is evident at the 6750 rpm 
speed. The measured pattern is seen to be lobular 
whereas the predicted patterns are not. This dif- 
ference Is at least in part the consequence of uuing 
the flanged duct radiation function for a near cut- 
off mode as generated at the 6750 rpm speed. For a 
flnnglous duct the predicted levels would continu- 
ously decrease toward and past 90° and the pattern 
would be lobular. This limitation of the flanged 
duct predictions, howqver, does not apply to the 
principle lobes of the more highly propagating 
modes at the other speeds In Fig. 18. 

Observing for the moment only the ungular band- 
width of the predicted lobes, a dominant feature 
appears to bo that the data correspond to the prin- 
ciple lobe for a single mode. Although more than 
one mode can propagate above 8450 rpm tho data Imply 
relatively low amplitudes for the higher radial 
orders of the in equal 13 modes. The (13,0) mode 
appears dominant as qualitatively expected from ex- 
citation by rods located near .he outer wall* 

With regard to tho two predictions the data do 
not consistently agree with either prediction. The 
prediction for duct flow alone was expected to apply 
if refraction at the inlet face was negligible or 
small. Agreement exists at 8450 rpm but at higher 
speeds this prediction is biased more toward the 
inlet axis than the data. The flow everywhere pre- 
diction is as good or better at Lite higher speeds. 

Refraction at the inlet face con bo used tr 
explain the deviations between predicted and mea- 
sured patterns shown in Fig. 18. It was noted in 
Fig, 12 that refraction should bo toward the side- 
line for small radiation angles and comparable to 
that obtained Erom flow everywhere. At larger ra- 


diation angles no rofraction nr refraction toward 
the axis may bo expected. Inspection of tho pre- 
dicted ((> 3 ) and measured patterns reveals that re- 
fraction at pn interface compurnblo to that illus- 
trated in Fig. 12 would qualitatively explain the 
observed principle lobe peak directivities. At 45° 
(8450 rpm) there is no refraction because the lobe 
peak beams normal to the interface. At smaller 
ongloa (higher speods) the peak Is refracted toward 
the sideline and at larger angles (6750 rpm) re- 
fraction Is toward the axis. It appears that 413 
does characterize modal radiation upon leaving the 
duct (no refraction) as postulated in Ref. 7. 

Although refraction is implied it has not been 
proven and requires additional study. Refraction, 
however, would impact the prediction of flight 
noise from ground static test data. Tho velocity 
gradient at tho inlet face that can cause refrac- 
tion become luss severe during forward motion and 
essentially disappear at some flight speed. The 
static test data, therefore, would require adjust- 
ments for changes in refraction when applied to 
flight calculations. Figure 18 indicates angular 
adjustments ns large as 10 ° may he needed for radi- 
ation at intermediate angles from the inlet axis. 

The measured patterns beyond the principle 
lobe can not be exactly diagnosed because of both 
the variety in possible modal • 'mbinations and tho 
limitations of the flanged duct radiation theory. 
Figure 19, however, schematically illustrates com- 
binations of approximate modal directivity patterns 
that may simulate tills region for the 9,600 and 
10,500 rpm testa. It appears that the level of the 
(13,1) mode is at least 10 dB lower than the (13,0) 
mode. Tho data should agree witli tho summation of 
those modes. The summation, however, is dependent 
on relative phase. The region most sensitive to 
relative phase is at the intersection of principle 
lobes where either complete cancellation or rein- 
forcement can occur. Sensitivity of this region to 
modul phase will be evident In the subsequent re- 
sults obtained with an Inlet length change. 


Inlet Length Change 

Tone directivities obtained with inlet lengths 
differing by 4 inches are compared in Fig. 20. The 
length change was predicted to change the relative 
phase between two modes and thus their directivity 
patterns. No effect was expected at 6750 and 8450 
rpm because only a single mode propagates. The 
data at these speeds are similar although there are 
small differences for unknown reasons. The pfef- 
enco of some lower circumferential order modes 
caused by Imperfect rotor blade or rod spacing 
could give the observed change. An expected change 
in directivity ns described in discussing Fig. 19 
Is exhibited at 9,600 and 10,500 rpm. Changes ore 
strongly evident near the intersection of (13,0) 
and (13,1) mode principle lobes. Variable summing 
of side lobes Is the probable cause of the varia- 
tions evident at the higher inlet angles. These 
results at 9,600 and 10,500 rpm appear to confirm 
that relative modal phase is altered by an inlet 
length change. 

The results at 13,500 rpm in Fig. 20 are not 
simply explained. Tone noise generated by the rods 
at this speed was evident at inlet angles as low as 
6 °. This infers that highly propagating modes, 
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other than the a “13 family, are present. With 
additional modes such directivity changes are pos- 
sible, 


Rotor Alone Tone 

A final observation regarding modal directivi- 
ties concerns the rotor alono cone. Ac 13,500 rpm 
tills tone should simply propagate as the (28,0) 
mode at a cutoff ratio of 1,08. This moda is 
clearly evident in the directivity patterns both 
with and without rods in Fig. 5(b). The principle 
lobe of the (28,0) mode is the lobular pattern 
pocking at about 00°. It is instructive to compare 
the directivity of this mode with that of the 
(13,0) mode generated by the A 1 rods at 6750 rpm. 
The cutoff ratio of the (13,0) mode at tills speed 
is 1.05. The calculated directivity patterns for 
the two modes are nearly identical. The measured 
patterns arc compared in Fig • Zl. and near identity 
of the patterns extends to an inlet angle of 120°. 
This pattern, therefore, appears to characterize 
the radiation of a near cutoff mode from the bell- 
mouth inlet used on the JT15D engine. This pattern 
differs significantly from chat calculated for a 
flanged duct (Fig. 18) ns was discussed earlier. 


Concluding Remarks 

These experiments with inlet rods in the JT15D 
engine demonstrate the general validity of modal 
generation, propagation and rndintion theory under 
actual engine operating conditions. The data pro- 
vided one of few opportunities to analyze dominant 
modes propagating under relatively high duct flow 
conditions. As postulated In Ref. 7, with duct 
flow alone (ns in static engine testa) the direc- 
tivity angle of the beamed radiation of a mode, 
upon leaving the duct, appears to agree with the 
axial propagation angle characterizing the mode 
within the duct. A qualitative accounting for of 
refraction effects at the inlet face was used, how- 
ever, to obtain the agreement. The refraction ef- 
fects require a more thorough study in conjunction 
with more precise solutions for modal radiation 
from an engine inlet. Refraction, if as signifi- 
cant as indicated, could impact static/flight noiBe 
comparisons and predictions. 
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Figure 8. * Propagating B PF modes for interaction of 
41 rods with rotor. 
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Figure 11. - Directivity angles of principle lobe peak. 
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Figure 12. - Refraction from velocity gradients near inlet face. 




Figure 14. - Effect of modal phase on summation of 
modes. 
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Figure 15, - Directivity patterns for ?8 rod array from 
pole microphones near inlet axis. 
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Figure 16. * Comparison of pole 
microphone data with com- 
bined (0.01 and tO. II pattern 
at a relative phase of 135 deg. 
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Figure 17. - Comparisons of predicted envelopes of equal 
amplitude m*0 modal peaks with 28-pod array BPF 
tone directivities. 
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Figure 18. - Comparison of measured and predicted 
BPF tone directivities for 41-rod array. 






Figure 19. - Characterization ol 41 -rod array data with 
approximations of modal radiation properties. 
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Figure 20. - Experimental effect of 4 inch inlet length 
change of BPF tone directivities for 41 -rod array. 
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Figure 21. * Directivity comparison of rotor alone tone 
and 41-rod array tone at near-cutoff conditions. 



